The effect of birthweight on childhood cognitive development in a middle-income country Background: Intra-uterine growth is a powerful predictor of infant mortality and of health, developmental, and socioeconomic outcomes in adulthood. The question about whether this relationship is causal rather than driven by unobserved characteristics of low-weight infants is, however, still open. We use twin models to examine the hypothesis that in-utero growth has a detrimental impact on cognitive development in childhood.
influence. Because twins share the uterine environment, the model accounts for confounders related to the mother and the pregnancy. Because twins have, by definition, the same gestational age, the observed effect of birthweight emerges entirely from intra-uterine growth, rather than from length of gestation. Recent studies use twins examine the effect of in-utero growth on perinatal and infant mortality (Almond, Chay, and Lee 2005; Conley, Strully, and Bennett 2006) , early infancy development (Datar and Jacknowitz 2009) , and adult outcomes such as education, BMI, height, and wages (Behrman and Rosenzweig 2004; Black, Devereux, and Salvanes 2007; Oreopoulos, Stabile, Walld, and Roos 2008; Royer 2009 ). Exploiting a twin fixed effects methodology, this paper addresses two questions: Does intra-uterine growth have an effect on children's cognitive development (measured by test scores)? And, does this effect vary across family socioeconomic circumstance?
The key assumption in the fixed effect approach is that weight differences within twin pairs emerge from random differences in access to nutritional intakes resulting, for example, from position in the uterus or umbilical cord insertion in the placenta. Research supports this assumption, showing that twins grow at the same rate as singletons up to the 30 th week of gestation (Cleary-Goldman and D'Alton 2008) . After that, the positive relationship between gestational age and fetal size cannot be maintained due to the restricted capability of the uterine environment to nurture two fetuses in a uniparious species, leading to weight differences between twins (Blickstein 2004; Blickstein 2005b) .
Although all twins face scarcity in the womb, the magnitude and etiology of intra-uterine growth differences depend on zygoticity. Dizygotic twins (DZ) result from the separate fertilization of two ova, and share, on average, 50% of their genes, the same as regular siblings. Monozygotic twins are formed from the division of a single ovum after fertilization. Even though they are not genetically identical (Gringras and Chen 2001; Hall 2003; Machin 2009 ), monozygotic twins share most of their genes. Zygosity affects also the access to uterine resources. Dizygotic twins virtually always have separate placentas with no obvious vascular connections (Hall 2003) . In contrast, most monozygotic twins share a single placenta, which places them at heightened competition for uterine resources (Hall 2003; Hanley, Ananth, Shen-Schwarz, Smulian, Lai, and Vintzileos 2002; Nikkels, Hack, and van Gemert 2008; Sakata, Utsu, and Maeda 2006) . While access to nutrients may differ between dizygotic twins because of differences in the mass and function of the placenta or placental lesions, these differences are usually moderate (Bajoria, Sooranna, Ward, and Hancock 2002; Blickstein 2005a; Victoria, Mora, and Arias 2001) . In contrast, among monozygotic twins sharing a placenta, severe differences in nutritional intake may emerge from differential umbilical cord insertion and uneven placental sharing (De Paepe, Shapiro, Young, and Luks 2010; Hall 2003) .
Weight discrepancies are thus larger, and the lighter monozygotic twin is likely to be genuinely growth restricted (Blickstein 2005a; Hack, Derks, Elias, Franx, Roos, Voerman, Bode, KoopmanEsseboom, and Visser 2008; Sherer and Divon 1997) . As a result, monozygotic twinning controls not only for mother-and pregnancy-related confounders but also for genetic variation, and offers a setting characterized by random -and acute-environmental determinants of intra-uterine growth.
To date, studies using twin models have focused on a handful of industrialized countries.
Researchers have questioned the generalizability to other national contexts, but empirical evidence is lacking. In addition, research has focused on early outcomes such as infant mortality and morbidity; or on outcomes in adulthood such as completed education and wages. Less evidence exists on intermediate outcomes such as cognitive development in childhood, which likely connect early developments with adult attainment. Furthermore, researchers usually compare fixed effect with cross-sectional regression estimates to gauge unobserved selectivity bias in cross-sectional models. But because twins share the same gestational age, meaningful comparison requires controlling for gestational age in cross-sectional samples, so that estimates capture solely the effect of intra-uterine growth in both cases.
This study contributes to the literature in three respects. First, we use twin fixed effect models to examine the effect of intra-uterine growth on Math and Spanish test scores of Chilean 4 th graders in 2008. Fixed effect models explicitly account for unobserved genetic, maternal, and pregnancy-related characteristics related to birthweight. Test scores are an important outcome because they measure early cognitive development, and predict later educational attainment and labor market outcomes (Currie and Thomas 2001; Rose 2006) , providing an intermediate variable linking short-and long-term outcomes of birthweight. Second, a middle-income country with high economic inequality, Chile offers a useful setting to test the generalizability of the effect of birthweight. Third, by using an adjusted measure of intra-uterine growth orthogonal to gestational age, we provide valid comparisons between fixed effects and cross-sectional estimates of the effect of in-utero growth. (Mardones, Villarroel, Karzulovic, Barja, Arnaiz, Taibo, and Mardones-Restat 2008) . The birth certificate contains information on birthweight, gestational age, maternal residence, and demographic characteristics. The restricted-access version of both data sources contains an individual identifying number assigned to all Chilean citizens at time of birth. We used identifying numbers to merge these sources. Given that the normative age to enter 4 th grade is 9 years old in Chile, most of our merged sample was born in 1998 (59.3%) and 1999 (35.0%).
Methods
A small percent were born in 1997 (5.8%) and 2000 (0.01%). The resulting merged dataset has 220,062 valid observations. From this dataset, we identified 2,474 twins with information on all relevant variables. The use of administrative data has important advantages. First, it provides a census of 4 th graders in 2008 with no sample error. Second, it avoids the potentially severe recall bias and measurement error affecting self-reported birthweight information. Zygosity information is not available in the dataset, so we estimate the number of monozygotic twin pairs as explained in detail in the next subsection.
Variables: Our measure of intra-uterine growth is the standardized value of gestational agespecific birthweight, obtained as the difference between individual birthweight and gestational week-specific mean birthweight, and dividing by the gestational week-specific standard deviation of birthweight. This measure is similar to the standard definition of "small for gestational age" -birthweight less than the 10 th percentile for gestational week (Resnik 2002 )-but it captures variation throughout the entire distribution rather than establishing a single threshold. Given sex differences in fetal growth, standardized measures were separately obtained for male and female fetuses. Our standardized measure is orthogonal to length of gestation (with a correlation of -.007 in our sample). Analysis. We obtain twin fixed effect estimates of the effect of birthweight on test scores, and compare them to regression estimates of the cross-sectional sample of both, singleton and twin births.
The fixed-effects model is formulated as follows: tijk = β0 + bwijkβ1 + sijkβ2 + Xjk'β3 +Ajk + εijk Where t identifies the dependent variable, test scores, of child i born to mother j in birth k. bw refers to birthweight, s identifies the sex of the child, Xjk is a vector of mother-and pregnancy-specific characteristics such as maternal age, rural residence, and education, A is a vector of mother-and birth-specific unobserved factors (for example, genetic factors or pregnancy behaviors), and ε is an idiosyncratic error term. Cross-sectional estimates may be biased because no controls are included for factors in A, if these factors are correlated with both birthweight and test scores. One strategy to control for factors included in A is to differentiate the data within twin pairs. For a pair formed by twins 1 and 2, we obtain the differenced equation:
t2jk -t1jk = (β02-β01)+ β1(bw2jk-bw1jk) + β2(s2jk -s1jk) + (ε2jk-ε1jk)
Because the unobserved mother-and pregnancy-specific factors included in A do not vary across twins, the term a drops from the differenced equation. Given that we have information on child's sex, and under the assumption that within-twin differences in εijk are independent from within-twin differences in bwijk, β1 is consistent. This assumption is more likely to hold among monozygotic than dizygotic twins because the former share most of their genes. We estimate models for the entire twin sample, for the same-sex and mixed-sex subsamples, and for the group estimated to be monozygotic. Given that monozygotic twins share most their genes and that they face stronger competition for uterine resources than their dizygotic counterparts, we expect differences in birthweight within monozygotic pairs to be a much better proxy for individual twin levels of nutrition than differences within dizygotic pairs.
Lacking information about zygosity, we use a method proposed by Weinberg (Weinberg 1902) to obtain an estimate of the number of monozygotic pairs. This method is based on the fact that mixed-sex twins are necessarily dizygotic, while same-sex twins may be either dizygotic or monozygotic. Under the assumption that the probability of a male birth equals the probability of a female birth and that the sexes in a dizygotic pair are independent, the rate of dizygotic twinning is twice the rate of mixed-sex births. The monozygotic twinning rate is the difference between the rates of same-sex and mixed-sex twin pairs. The Weinberg method makes some questionable assumptions, including the rare occurrence of monozygotic twins of unlike sex, the fact that when monozygotic twins are obviously discordant they are judged dizygotic, and the suggestion that the actual frequency of same sex twins is higher than expected in dizygotic pairs (Hall 1996; Hall 2003) . However, it produces extremely accurate estimates (Fellman and Eriksson 2006) . Naturally, it is not possible to identify specific twin pairs by zygosity, but a weighted average strategy can be used to estimate birthweight effects by zygosity, as implemented by Conley et al. (Conley, Strully, and Bennett 2006) .
In a final step, we examine variation in the effect of birthweight across family's socioeconomic resources, using mother's education as a proxy.
Results.
Descriptive Analysis. Table 1 presents the descriptive statistics of all variables in the twin and singleton samples. As expected, birthweight, intra-uterine growth, and gestational age in twins is significantly less than singletons. Singletons perform better, on average, in Math and Spanish tests.
Women giving birth to twins are, on average, more socioeconomically advantaged, but the differences are small. The secondary sex ratio is lower among twins (47.3% vs. 50.3% for singletons) probably related to a well-documented excess of females in spontaneous monozygotic twins (Hall 2003) . Table 1 about here An important requirement of twin models is that there is sufficient within twin-pair variation in birthweight to identify its effect. Figure 1 displays the frequency distribution of differences among same-sex and mixed-sex twin pairs, and shows substantial variation. The average difference within twin pairs is 283 grams, with about half of the pairs having differences of 250 grams or more, and about 10% displaying differences of 600 grams or more.
Figure 1 about here
The effect of intra-uterine growth on test scores. When twin fixed-effects are used to control for unobserved characteristics of the child, the effect increases substantially, reaching 15% standard deviation for Math and 11% for Spanish (7.41/50 and 5.31/50, respectively). The larger fixed effects estimate has two alternative interpretations. First, it suggests that the scarcity of nutrients and oxygen resulting from uterine competition, rather than unobserved factors, has a substantial effect on test scores. Second, intra-uterine growth may be negatively correlated with endowments determining test scores, or nutrient intakes may be provided less to fetuses with higher endowments in the cross-section. To the best of our knowledge, no empirical evidence suggest the latter alternative, therefore we interpret this finding as evidence for a detrimental effect of resource scarcity in utero.
Exploiting Zygosity to Examine Effect of Uterine Environment: As a next step, we use sex differences within twin pairs to explore the factors driving the effect of in-utero growth. In our sample, 75% of twin pairs are of the same sex and the 25% remaining are mixed-sex. Because monozygotic twins are virtually always of the same sex, they should be overrepresented in the samesex subsample. If the effect of birthweight on test scores is driven by environmental factors in-utero, rather than unobserved genetic variation at the individual level, we expect the effect to be greater among same-sex twins. respectively. The effect is smaller among mixed-sex twin pairs. Because mixed-sex pairs are necessarily dizygotic, and dizygotic twins are much less subject to competition for uterine resources than dizygotic pairs (but are genetically different), this finding suggests that the factor accounting for the effect of intra-uterine growth on test scores is access to nutrition in-utero rather than genetic factors. These estimates, in association with the Weinberg rule, allow us to gauge the effect among monozygotic twins. According to Weinberg's formulation, the parameter estimate for MZ twins can be calculated as follows: bMZ = bSS -bMS (1-pMZ) pMZ where bMZ is the estimate among monozygotic twins, bSS and bMS are, respectively, the estimates for same-sex and mixed-sex pairs presented in table 3, and pMZ is the proportion of monozygotic twins in the same-sex group. 602 twins in the sample belong to mixed-sex pairs and 1,872, to same-sex pairs, for a total sample of 2,474. According to Weinberg's rule, 602 twins in the same-sex group are dizygotic, and the remaining 1,270 are monozygotic, yielding a pMZ value of .678
According to these calculations nearly half of the twin pairs (1,270/2,474) are monozygotic. This percentage is higher than reported for some regions of the world (Imaizumi 2003) , but very similar to previous findings for Chile (Ivanovic, Socioeconomic Heterogeneity in the Effect of Intra-Uterine Growth: So far we have assumed that the effect of in-utero growth is homogeneous across the population. However, the homogeneity assumption is likely not satisfied. In particular, the literature on intra-household resource allocation suggests that parents may invest differentially depending on offspring's birthweight. Parents may reinforce initial disadvantage by allocating more resources to the high-weight twin or compensate by investing more in the low-weight twin. Theoretical models suggest parental behavior depends on the degree of equal concern across children, preference for equity versus productivity, distribution of endowments across children, and characteristics of the offspring's outcome (test scores, in this case) function (Becker and Tomes 1979; Behrman, Pollak, and Taubman 1982) . Empirical evidence mostly favors reinforcement in the US (Behrman, Pollak, and Taubman 1982; Variation may be more pronounced in an unequal middle-income country, however. Given lower levels of income and higher levels of inequality in Chile, we hypothesize that resource-constrained families may be more likely to target resources on the twin with higher chances of succeeding; while less-constrained families may be more able to compensate for observed disadvantages. Table 4 Discussion. Although the amount of variation explained by our models is small, our analysis indicates that intra-uterine growth has a substantial effect on children's cognitive development, as measured by test scores in primary school. The observed effect is larger among twin pairs estimated to be monozygotic than among those estimated to be dizygotic. Combined, these results suggest that the factor driving the effect of intra-uterine growth on cognitive development is the scarcity of environmental resources in utero, rather than unobserved confounders, including genetic ones. These findings are particularly relevant for developing countries, not only because they were obtained in Chile, but also because the source of variation in birthweight analyzed -intra-uterine growth-is the main determinant of low birthweight in the developing world. In fact, intra-uterine growth restriction emerging from factors such as deficient maternal nutrition, low pre-pregnancy BMI, short stature, and infectious diseases such as malaria affects up to one-third of births in poor countries (Bale, Stoll, Lucas, and But twins are only about 1.5% of all births. Are these findings generalizable to the larger population of singletons? Twins are on average much smaller than singletons at birth. In our sample, for instance, singletons weight on average 3,373 grams while twins weight only 2,500 grams. The gap itself is not an issue as long as the factors accounting for the smallness of twins do not reflect omitted variables beyond the scarcity of uterine space and nutrients in a uniparious species (Blickstein and Kalish 2003) . In other words, we rely on the assumption that the smallness of twins at birth should be "the result of twinning rather than the selectivity of parents who produce twins" (Behrman and Rosenzweig 2004: see pp. 591) . While the literature supports this assumption, this may not be the case for singletons. Given that singleton pregnancies are not constrained by uterine space or nutrient scarcity, is a singleton weighting 2,500 grams comparable to a twin of the same weight? Research suggests that in-utero growth restriction among singletons may be related to congenital malformations, chromosomal anomalies, or inborn errors in metabolism (de Bie, Oostrom, and Delemarre-van de Waal 2010; Resnik 2002) . To the extent that these negative factors are correlated with test scores, findings for twins will not generalizable to singletons of comparable birthweight.
Furthermore, given that twins are at much higher risk of perinatal and infant mortality (Nikkels, Hack, and van Gemert 2008) To assess the comparability of twins and singletons of similar birthweight and gestational age, we create a pooled sample over an area of common support defined in terms of birth outcomes and maternal characteristics by means of propensity score weighting. This strategy weights the singleton dataset to ensure balance with the twin dataset according to the following variables: Birthweight, gestational age, fetal growth, maternal age, education, urban status, and work status, and sex. Using this matched dataset, we predict Math and Spanish test scores using an indicator for twin. If singletons comparable to twins are negatively selected on factors affecting test scores, we should observe that being a twin has a positive effect on test scores. Findings, reported in table 5, reject this hypothesis. They show no significant differences in test scores between twins and comparable singletons, suggesting that growth-restricted singletons are not negatively (or positively) selected, and that findings from this study could potentially be extended to the larger singleton population affected by intra-uterine growth restriction.
Another concern refers to the determinants of in-utero growth differences within twin pairs, and whether they are similar to cross-sectional differences across singletons. We have argued that these factors refer to nutrient scarcity in-utero, which is more acute among monozygotic than dizygotic twins. However, in some cases of monozygotic twinning, heavier birthweight is not a marker of advantage, because the twin-to-twin vascular exchange results in poor outcomes for both, the lighter and the heavier twin. This is the case, in particular, with the twin-to-twin transfusion syndrome, which affects approximately 15% of monozygotic twins that share a placenta (Sakata, Utsu, and Maeda 2006) . To the extent that twin-to-twin exchange results in detrimental outcomes for the heavier twin too, the observed effect will be attenuated and our estimates will underestimate the true effect of uterine growth.
In sum, our analysis indicates that in-utero growth has a substantial impact on cognitive development during childhood among twins, and probably among singletons. Given that intrauterine growth is the main determinant of low birthweight in the developing world, the analysis is particularly relevant to less-advantaged regions of the world. The variation in the effect across levels of maternal education suggests that parental behavior may reinforce the influence of birthweight on educational achievement, increasing the vulnerability of the low-birthweight children among disadvantaged families; while high-resource families may be able to fully compensate for early disadvantage. More research accounting for heterogeneity of birthweight in diverse national contexts is necessary to examine variation in family compensatory behavior across socioeconomic status, and to further understand the influence of the "first injustice" over the life-cycle. 
